We report the observation of midinfrared super radiant pulses emitted from molecular gases pumped by a narrow-band, continuously tunable infrared optical parametric oscillator. Molecules pumped either into a vibrational combination band or a vibrational overtone state decay by means of super radiant emission to a lower vibrationally excited state. Emission was observed in N 2 O at 4.5 and 8 m, and in C 2 H 2 at 13.6 m and 15.7 m. Pulse energies as high as 0.5 mJ and pulse widths as short as 7 ns make this an excellent technique for the production of intense midinfrared light.
The advent of powerful narrow-band continuously tunable infrared ͑IR͒ lasers has renewed interest in the study and applications of mid-IR optically pumped molecular gas lasers ͑OPML͒. We have observed mid-IR super radiant emission ͑classic Dicke super radiance͒ 1,2 from samples of N 2 O and C 2 H 2 pumped by a tunable IR optical parametric oscillator ͑OPO͒. The emission is a cooperative effect and occurs between excited rotational-vibrational states following the OPO pumping of either combination band or overtone vibrational transitions ͑see Fig. 1͒ . Line-tunable emission wavelengths ranging from 4.5 to 16 m have been observed.
Much work was performed in the 1970's and early 1980's on the development of OPMLs. 3, 4 Some of these optically pumped lasers are operated by V-V energy transfer 5 while others exhibited super radiant ͑mirrorless͒ emission. 6 A significant motivation for this early work was the possibility of using OPMLs to perform laser radioactive isotope separation. 7 Most of these projects, however, used linetunable lasers, primarily CO 2 lasers, as pump sources. This limited the number of molecular states accessible for OPMLs due to the required resonance between the pump and the absorption lines. Continuously tunable pump sources, on the other hand, provide a perfect match between the pump and transition frequencies. Low sample pressures ͑Ͻ100 mTorr͒ can therefore be used since pressure broadening of the gas is not required for resonance with the pump beam. Although high pressure, continuously tunable CO 2 lasers were formerly used as pump sources, their tuning range was very limited ͑ϳ10 cm Ϫ1 on each branch of the emission band͒. 8, 9 By utilizing an OPO continuously tunable from 1.5 to 4.0 m, many potential OPML molecules are accessible with a single pump source. Recently, mid-IR lasing was observed from HBr following overtone pumping by an IR OPO.
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A Continuum Mirage 3000 narrow-band mid-IR pulsed ͑KTP͒ OPO is used as the pump source in our experiments. With a bandwidth of approximately 500 MHz, the OPO is capable of exciting a single rotational state within a vibrational transition band of an arbitrary molecule. Output energies range from 1 to 10 mJ depending on where in the 1.5-4.0 m tuning range the laser is set. Sealed gas cells ranging from 10 cm to 3 m in length and filled with 10 mTorr to 50 Torr of gas were used without mirrors as OPML media. Emission occurs in both directions along the pump beam axis. Monitoring of short wavelength ͑up to approximately 5 m͒ IR pulses was accomplished using room temperature unamplified InAs photodetectors while emission at longer wavelengths was monitored by liquid nitrogen cooled, amplified HgCdTe photodetectors. The InAs detector response time was fast enough to observe the temporal profile of the pump and emission pulses. A variety of longpass and bandpass optical filters was used to separate the pump laser beam from the emitted beam. Amplified pyroelectric joulemeters provided an absolute measure of the output energy. A highresolution 3/4 m monochromator was used to separate and identify the wavelengths of the individual emission lines.
The primary requirement for the occurrence of this type of emission is that a population inversion be induced in the system. In order for this to be accomplished, absorption of the pump light must be large enough that a significant fraction of the ground state population is transferred to the excited state. In addition, the lower vibrational level of the emitting molecular transition must be high enough above the ground vibrational state that only a small fraction of the total equilibrium population is present in this level. N 2 O was selected as a suitable OPML candidate due to its relatively strong absorption bands within the OPO tuning range and due to the large dipole transition moments of the symmetric and asymmetric stretch vibrational modes which provide the appropriate gain conditions for super radiant emission to occur. Several rovibrational pump transitions were explored, each providing emission on one of the stretch transitions. Pumping the 00 0 0→10 0 1 transition at 2.9 m and 00 0 0→00 0 2 transition at 2.2 m produced emission on the asymmetric stretch transitions 10 0 1→10 0 0 and 00 0 2→00 0 1, respectively. Since the absorption coefficient for 00 0 0→10 0 1 is approximately 35 times larger than that for 00 0 0→00 0 2, 11 the emission intensity is much greater when pumping the former transition. Even though a single j state is excited in 10 0 1 or 00 0 2 by the OPO, super radiant emission is allowed and occurs on two transitions, ⌬ j ϭϮ1, corresponding to the P and R branches of the 10 0 1→10 0 0 or 00 0 2→00 0 1 transitions. P branch emission occurs at 4.6 m and R branch emission at 4.5 m.
Transmitted pump energy measurements performed using 200 mTorr N 2 O in a 3-m long gas cell indicate that approximately 24% of a 1.7 mJ, 2.88 m input pump beam tuned to the 00 0 0→10 0 1, P͑13͒ transition was absorbed. An average emission energy in the direction of the pump pulse of 0.11 mJ ͑including both the P and R branch emissions͒ was measured for this same N 2 O pressure. The resulting photon conversion efficiency is 
Ϸ10
69 under these conditions. Total output energies and peak powers ͑including both P and R branches͒ exceeding 0.5 mJ and 70 kW, respectively, were observed at moderate N 2 O pressures ͑500-800 mTorr͒ in a 3 m cell. A 14-cm-long cell filled with 10 Torr N 2 O provides similar output. The pump threshold for the emission of pulses in a 3 m cell at moderate N 2 O pressures was measured to be as low as 50 J.
Emission pulse widths as narrow as 7 ns were measured using an InAs detector with a 0.25-mm-square active area. A representative pulse is shown in Fig. 2 . The emission pulses were delayed relative to the OPO pump pulses by 10-100 ns; the larger the pulse intensity, the shorter the pulse delay. These pulse delays are characteristics of super radiant emission. 12 Quenching of the 10 0 1→10 0 0 emission process was observed to occur between 50 and 150 Torr N 2 O, depending on the pump conditions. Collisions between molecules resulting in a combination of vibrational and rotational relaxation processes, and thus a loss of gain, are responsible for the quenching. Conditions for emission, therefore, require that the delay time between the pump and emission pulses be less than several times the relaxation period for the 10 0 1 excited molecules.
Emission at longer wavelengths in N 2 O was accomplished by pumping the third overtone of the symmetric stretch vibrational transition, 00 0 0→30 0 0. The pump wavelength for this transition is 2.6 m and the absorption coefficient is comparable to that for the 00 0 0→00 0 2 transition. Cascade emission at approximately 8 m was observed on the 30 0 0→20 0 0 and 20 0 0→10 0 0 transitions, resulting in the populating of several j states in the 10 0 0 vibrationally excited state. The 8 m wavelength of this emission, however, is out of the range of the InAs detector, so an accurate temporal profile of the pulses could not be determined.
Even longer emission wavelengths were attained using C 2 H 2 as the OPML gas medium. When pumping the ͑0000 0 0 0 ) 0 →( 0 0 transition measured using an unamplified InAs detector. The gas cell used for this measurement was 14 cm long and filled with 10 Torr N 2 O. The time scale is relative to an electronic trigger; however the delay between the optical parametric oscillator ͑OPO͒ pump pulse and the N 2 O emission pulse was approximately 10 ns. From the figure, the pulse width is approximately 7 ns.
